Abstract Health beneficial effects of xanthohumol have been reported, and basic research provided evidence for anti-cancer effects. Furthermore, xanthohumol was shown to inhibit the migration of endothelial cells. Therefore, this study investigated the anti-metastatic potential of xanthohumol. MCF-7 breast cancer spheroids which are placed on lymphendothelial cells (LECs) induce ''circular chemorepellent-induced defects'' (CCIDs) in the LEC monolayer resembling gates for intravasating tumour bulks at an early step of lymph node colonisation. NF-jB reporter-, EROD-, SELE-, 12(S)-HETE-and adhesion assays were performed to investigate the anti-metastatic properties of xanthohumol. Western blot analyses were used to elucidate the mechanisms inhibiting CCID formation. Xanthohumol inhibited the activity of CYP, SELE and NF-kB and consequently, the formation of CCIDs at low micromolar concentrations. More specifically, xanthohumol affected ICAM-1 expression and adherence of MCF-7 cells to LECs, which is a prerequisite for CCID formation. Furthermore, markers of epithelial-to-mesenchymal transition (EMT) and of cell mobility such as paxillin, MCL2 and S100A4 were suppressed by xanthohumol. Xanthohumol attenuated tumour cell-mediated defects at the lymphendothelial barrier and inhibited EMT-like effects thereby providing a mechanistic explanation for the anti-intravasative/anti-metastatic properties of xanthohumol.
Introduction
A number of health beneficial effects are ascribed to the prenylated flavonoid xanthohumol (2,4 0 ,4-trihydroxy-6 0 -methoxy3 0 prenylchalcone) which is the main constituent of hop cones (Humulus lupulus L.) (Magalhães et al. 2009 ). Therefore, xanthohumol is also present in beer, hop cone tea (Stevens and Page 2004; Stevens et al. 1999) , and more concentrated also in enriched beverage formulations (Wunderlich et al. 2005) . Xanthohumol possesses antiproliferative activity in several cancer cell lines such as human breast cancer MCF-7, colon cancer HT-29 and ovarian cancer A-2780 cells (Miranda et al. 1999 ) and significantly induces apoptosis in HCT116 colon cancer cells by down-regulating Bcl-2 and activating the caspase cascade (Pan et al. 2005 ). Furthermore, xanthohumol was shown to repress NF-kB activation in benign and malignant BHP-1 and PC3 prostate epithelial cells (Colgate et al. 2007) . Recently, it was demonstrated that ductal breast cancer cells, which spread through the lymphatic vasculature, force lymphendothelial cells (LECs) to give way to tumour bulks thereby enabling the intravasation of cancer cells into the vasculature. Hence, the migration of LECs is a hallmark event for breast cancer metastasis and therefore, a target for the prevention and therapeutic intervention with regard to tumour spreading. An assay was developed which resembles the intravasation of tumour emboli through the lymphovascular barrier. This assay measures the size of circular chemorepellent-induced defects (CCIDs) in the LEC monolayer that are generated by 12(S)-HETEsecreting cancer spherules and that will not be repaired over time (Uchide et al. 2007; Kerjaschki et al. 2011) . 12(S)-HETE, also known as ''endothelial retraction factor'' (Honn et al. 1994) , repels LECs thereby forming large cellfree areas through which cancer emboli can trespass (Madlener et al. 2010) . The CCID assay was validated in a breast cancer xenograft mouse model and significantly correlates with the data obtained from paired samples of patients with ductal breast cancer comparing the presence of 12(S)-HETE in the primary tumour versus the lymph node metastasis (Kerjaschki et al. 2011) . In this study, we investigated how xanthohumol inhibited CCID formation induced by breast cancer cell spheroids.
Materials and methods

Chemicals
The I-jBa phosphorylation inhibitor (E)-3-[(4-methylphenylsulfonyl]-2-propenenitrile (Bay11-7082) and baicalein (EI-106) were purchased from Biomol (Hamburg, Germany), 12(S)-HETE from Cayman Chemical (Ann Arbor, MI, USA), Wogonin from Calbiochem (Darmstadt, Germany), xanthohumol (2, 4 0 ,4-trihydroxy-6 0 -methoxy3 0 -prenylchalcone) from Naturalchemics (Homburg, Germany) and SKF-525A (2-diethylaminoethyl 2,2-diphenylpentanoate was transferred to 24-well plates containing LEC monolayers proadifen) from Sigma-Aldrich (Munich, Germany). Mouse monoclonal anti-CD54 (ICAM-1) antibody was from Immunotech (Marseille, France) and polyclonal rabbit anti-paxillin (H-114) (SC-5574) was from Santa Cruz Biotechnology (Heidelberg, Germany). Monoclonal mouse anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (E10), monoclonal rabbit anti-p44/42 MAPK (Erk1/2) (137F5), polyclonal rabbit anti-phospho-Myosin Light Chain 2 (Ser19), polyclonal rabbit anti-Myosin Light Chain 2, and polyclonal rabbit anti-MYPT1 were from Cell Signaling (Danvers, MA, USA). Monoclonal mouse antib-actin (clone AC-15) and polyclonal rabbit anti-S100A4 were from Sigma-Aldrich (Munich, Germany), and polyclonal rabbit anti-phospho-MYPT1 (Thr696) was from Upstate (Lake Placid, NY, USA). Monoclonal mouse anti-CD31 (JC70A), polyclonal rabbit anti-mouse and anti-rabbit IgGs were from Dako (Glostrup, Denmark).
Cell culture
Human MCF-7 and MDA-MB231 breast cancer cells were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA) and grown in MEM medium supplemented with 10 % foetal calf serum (FCS), 1 % penicillin/streptomycin (PS) (Invitrogen, Karlsruhe, Germany). Telomerase-immortalised human lymphendothelial cells (LECs) were grown in EGM2 MV (Clonetics CC-4147, Allendale, NJ, USA), all at 37°C in a humidified atmosphere containing 5 % CO 2 . For CCID formation assays, LECs were stained with cytotracker green purchased from Invitrogen (Karlsruhe, Germany). Human umbilical vein endothelial cells (HUVEC) were isolated and cultured in M199 medium supplemented with 20 % FCS, antibiotics, endothelial cell growth supplement and heparin as previously described (Zhang et al. 1998 ).
3-D co-cultivation of breast cancer spheroids with LEC monolayers MCF-7 cells were transferred to 30 ml MEM medium containing 6 ml of 1.6 % methylcellulose solution (0.3 % final concentration; Cat. No.: M-512, 4000 centipoises; Sigma-Aldrich, Munich, Germany). 150 ll of this cell suspension was transferred to each well of a 96-well plate (Greiner Bio-one, Cellstar 650185, Kremsmünster, Austria) to allow spheroid formation within 48 h. Then, MCF-7 spheroids were washed in PBS and transferred to cytotracker-stained LEC monolayers that were seeded in 24-well plates (Costar 3524, Sigma-Aldrich, Munich, Germany) in 2 ml EGM2 MV medium.
During the experiments, which were mostly short term, we did not observe toxic effects of xanthohumol (monitored by HOPI staining; Grusch et al. 2002) .
CCID assay
In this model, the sizes of the cell-free areas (circular chemorepellent-induced defects; CCIDs) are measured, which are formed in the endothelial monolayer directly underneath the tumour spheroids Vonach et al. 2011; Kerjaschki et al. 2011; Madlener et al. 2010) . MCF-7 cell spheroids (3,000 cells/spheroid) were transferred to 24-well plates containing LEC monolayers. After 4 h of incubation, the CCID areas in the LEC monolayers underneath the MCF-7 spheroids were photographed using an Axiovert (Zeiss, Jena, Germany) fluorescence microscope to visualise cytotracker(green)-stained LECs underneath the spheroids. CCID areas were calculated with the Axiovision Re. 4.5 software (Zeiss, Jena, Germany). MCF-7 spheroids were treated with the indicated compounds or solvent (DMSO) as negative control. Each experiment was performed in triplicate, and for each condition, the CCID size of 12 or more spheroids (unless otherwise specified) was measured.
SDS gel electrophoresis and Western blotting
LECs were grown in petri dishes (6 cm diameter) to 8 % confluence and treated with 1 lM 12(S)-HETE and/or 25 lM xanthohumol. Then, cells were washed twice with cold PBS and lysed in a buffer containing 150 mM NaCl, 50 mM Tris pH 8.0, 1 % Triton-X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM Protease Inhibitor Cocktail (PIC) (Sigma, Schnelldorf, Germany). The lysate was centrifuged at 12,000 rpm for 20 min at 4°C. Supernatant was transferred into a 1.5-ml tube and stored at -20°C until further analysis. Equal amounts of protein lysate were mixed with SDS (sodium dodecyl sulphate) sample buffer and loaded onto a 10 % polyacrylamide gel. SDS polyacrylamide gel electrophoresis (PAGE) and Western blotting was according to the protocol described by Vonach et al. (2011) .
SELE (CD62E, E-selectin, ELAM)-induction assay
Each well of a 96-well plate was coated with gelatine by applying 200 ll of 1.0 % gelatine for 10 min at room temperature. Outer wells (A1-A12, H1-H12, 1-H1 and A12-H12) contained only 200 ll/well medium and served as an evaporation barrier. 1 9 10 4 HUVECs were seeded in each of the remaining wells in 200 ll medium and grown for 48 h to optimal confluence. Increasing concentrations of xanthohumol were then added to the HUVECcontaining wells in triplicate, incubated for 30 min, and then 10 ng/ml TNFa was added per well to stimulate NFjB, and thus SELE. After further 4 h incubation, the levels of SELE in each of the HUVEC-containing wells were determined by enzyme-linked activity assays (ELISAs) as described below.
Cell-surface ELISA SELE
Cells were washed once with PBS and fixed with 0.1 % glutaraldehyde (Sigma-Aldrich, Munich, Germany) for 15 min at room temperature. Then, cells were washed 39 with 200 ll per well PBS/0.05 % Tween 20, blocked with 200 ll/well 5 % BSA/PBS for 1 h, and washed again 39 with 200 ll per well PBS/0.05 % Tween 20. Then, anti-SELE-antibody (clone BBA-1, R&D Systems, Minneapolis, MN, USA) diluted 1:5,000 in 0.1 % BSA/PBS (100 ll per well) was added for 1 h at room temperature and washed thereafter 59 with 200 ll per well PBS/0.05 % Tween 20. Subsequently, goat anti-mouse-HRP antibody (Sigma-Aldrich, Munich, Germany) diluted 1:10,000 in 0.1 % BSA/PBS (100 ll per well) was applied, and the cells were incubated for 1 h in the dark at room temperature. After decanting, cells were washed 59 with 200 ll per well PBS/0.05 % Tween 20. The HRP-activity of the cells in each well was estimated using the Fast-OPD (o-phenylenediamine dihydrochloride) (Sigma-Aldrich, Munich, Germany) assay as described (Gridling et al. 2009) , and absorbance was measured at OD 492nm in a vertical spectrophotometer.
Cytotoxicity testing
For the SELE expression assay, the toxicity of xanthohumol was assessed in HUVECs by Calcein AM cytotoxicity assays in 96-well microtitre plates (Madlener et al. 2009 ). Twenty microlitre portions of each of the xanthohumol concentrations were added in triplicate to the cells, which were then incubated at 37°C in an atmosphere containing 5 % CO 2 for 4 h. Then, Calcein AM solution (Molecular Probes, Invitrogen, Karlsruhe, Germany) was added for 1 h according to the manufacturer's instructions. The fluorescence of viable cells was quantified using a Fluoroscan Ascent reader (Labsystems, Finland), and on the basis of triplicate experiments, the cytotoxic concentrations were calculated.
NF-jB luciferase assay 10 9 10 6 HEK293-NF-jB-Luc cells (Panomics, Fremont, USA) were seeded in 20 ml full growth DMEM medium in a 15-cm dish. Next day, cells were transfected with an expression plasmid for green fluorescence protein (pEGFP-N1; Clontech, CA, USA). A total of 30 ll Lipofectamin 2000 (Invitrogen, Karlsruhe, Germany) and 7.5 lg DNA were mixed in 2 ml transfection medium and incubated for 20 min at room temperature and then added to the cells. After incubation for 6 h in humidified atmosphere containing 5 % CO 2 , 4 9 10 4 cells per well were seeded in serum-and phenol red-free DMEM in a transparent 96-well plate. On the next day, cells were treated with 5, 10 and 25 lM xanthohumol and 10 lM Bay11-7082 as a specific inhibitor of NF-jB (control). One hour after treatment, cells were stimulated with 2 ng/ml human recombinant TNFa for additional 4 h. Luminescence of the firefly luciferase and fluorescence of the GFP were quantified on a GeniusPro plate reader (Tecan, Grödig, Austria). The luciferase signal derived from the NF-jB reporter was normalised by the GFP-derived fluorescence to account for differences in cell number or transfection efficiency ).
Ethoxyresorufin-O-deethylase (EROD) assay selective for CYP1A1 activity MDA-MB-231 and MCF-7 breast cancer cells were grown in phenol red-free RPMI 1640 tissue culture medium (PAN Biotech, Aldenbach, Germany), supplemented with 10 % FCS and 1 % PS (Invitrogen, Karlsruhe, Germany) under standard conditions at 37°C in a humidified atmosphere containing 5 % CO 2 . Twenty-four hours before treatment, the cells were transferred to RPMI 1640 medium (Invitrogen, Karlsruhe, Germany) supplemented with 2.5 % charcoal-stripped FCS (PAN Biotech, Aldenbach, Germany) and 1 % P/S. Test compounds were dissolved in DMSO and diluted with medium (final DMSO concentration \0.1 %). Experiments were carried out in triplicate. Blanks contained DMSO in the medium of the test compounds. After 18 h of incubation, ethoxyresorufin (final concentration 5.0 lM, Sigma-Aldrich, Munich, Germany) was added and 0.4 ml aliquots of the medium were sampled after 200 min. Subsequently, the formation of resorufin was analysed by spectrofluorometry (PerkinElmer LS50B, Waltham, MA, USA) with an excitation wavelength of 530 nm and an emission wavelength of 585 nm.
Adhesion assay MCF-7 cells (15,000 cells/well) were seeded in serum-free medium (DMEM containing 0.5 % BSA, 2 mM CaCl 2 and 2 mM MgCl 2 ). Then, 5009 CytoTracker TM (5009 CytoTracker TM Solution from CytoSelect TM Tumor-endothelium Adhesion Assay from Cell Biolabs, Inc., San Diego, CA, USA, CBA-215) was added to the cell suspension (2 ll CytoTracker TM to 1 ml suspension), incubated for 1 h at 37°C and centrifuged at 1,000 rpm for 2 min. Then, the medium was aspirated, the cell pellet was washed 3 9 with serum-free medium (DMEM containing 0.5 % BSA, 2 mM CaCl 2 and 2 mM MgCl 2 ), and then, the cell pellet was re-suspended in EGM2 MV medium. Meanwhile, the medium was aspirated from endothelial cell culture (in wells of a 48 well plate), collected in Eppendorf tubes, and either Bay11-7082 (15 lM), xanthohumol or DMSO (Sigma-Aldrich, Munich, Germany) was added. Then, the medium was re-distributed to LEC layers and incubated for 10 min. Also the MCF-7 cell suspension, which was stained with CytoTracker TM , was treated with Bay11-7082, xanthohumol or DMSO and incubated for 10 min at room temperature. Furthermore, the medium was aspirated from the 48-well plate, and 200 ll of treated MCF-7 cell suspension was added to each well containing LECs grown in monolayers and incubated for 40 min at 37°C. Then, the medium was aspirated from each well and washed 39 with 250 ll 19 Wash Buffer (109 Wash Buffer was from CytoSelect TM Tumor-endothelium Adhesion Assay). Before the third wash, cells were inspected for morphological changes under the microscope. Then, the final wash was aspirated, and the plate was tapped on a flint-free paper towel. 150 ll of 19 Lysis Buffer (49 Lysis Buffer were from CytoSelect TM Tumorendothelium Adhesion Assay) was added to each well and lysed by the shearing forces through a pipette tip. 100 ll of the lysate was transferred to a 96-well clear bottom plate, and then, the fluorescence was read with a fluorescence plate reader at 485/530 nm.
12(S)-HETE assay
Cell culture ALOX15 of MCF-7 VEGF-C cells was knocked down by lentiviral-packaged shRNA, and 12(S)-HETE synthesis was reconstituted by stable transfection of ALOX12 cDNA as described resulting in MCF-7 VEGF-C/80/1/2ALOX15-pTAG-ALOX12-V5 cells (Kerjaschki et al. 2011) . MCF-7 VEGF-C/ 80/1/2ALOX15-pTAG-ALOX12-V5 cells were cultivated in MEM medium (Gibco #10370-047) supplemented with 10 % FCS (foetal calf serum), 1 % GlutaMAX TM -I (Gibco #35050-038), 1 % penicillin/streptomycin (Gibco #15140-148), 1 mg/ml G148-sulphate (PAA, #P25-011), 150 lg/ ml hygromycin B (Sigma-Aldrich, #H3274) and 1 lg/ml puromycin. The cells were grown at 37°C in a humidified atmosphere containing 5 % CO 2 .
Treatment
MCF-7
VEGF-C/80/1/2ALOX15-pTAG-ALOX12-V5 cells were seeded in 3.5-cm dishes and grown in 2.5 ml complete MEM medium without selection pressure. The next day, the medium was changed for serum-free medium and cells were kept at 37°C for 24 h. Then, cells were treated with 10 lM arachidonic acid (#A3555, Sigma-Aldrich, St. Louis, MO 63103 USA) and simultaneously with different concentrations of the indicated compounds for 4 h when the supernatants were aspirated, centrifuged at 2000 rpm at 4°C for 5 min, collected in cryotubes, flash frozen and stored at -80°C until analysis.
12(S)-HETE extraction
Medium samples of MCF-7 VEGF-C/80/1/2ALOX15-pTAG-ALOX12-V5 cells were slowly thawed at room temperature and centrifuged at 3,000 rpm for 2 min. Extraction cartridges (Oasis TM HLB 1 cc, Waters, Milford, MA) were equilibrated with 2 9 1 ml methanol (highest purity), 2 9 1 ml distilled H 2 O and 1.25 ml of medium samples was passed through the cartridges. Afterwards, the cartridges were washed with 3 9 1 ml distilled H 2 O and 12(S)-HETE was eluted with 500 ll methanol. The methanolic solution was flash frozen and stored at -80°C until further analysis.
Analysis by 12(S)-HETE enzyme immunoassay (EIA)
The 12(S)-HETE EIA kit (#ADI-900-050) was purchased from Enzo Life Sciences (Lausen, Switzerland) and samples were prepared, and the assay performed according to the instructions of the manufacturer. In detail, the methanolic solution was evaporated with a speed-vac concentrator, 250 ll of assay buffer was added to the dried samples and a 1:54 dilution was prepared. The standards (a solution of 500.000 pg/ml 12(S)-HETE, #80-0607) for the 12(S)-HETE standard curve were prepared according to the instruction. Then, 100 ll of the samples and standards were added to a 96-well plate coated with goat anti-rabbit IgG antibody (#80-0060). Furthermore, 50 ll of 12(S)-HETE conjugate (#80-0610; blue solution) and 50 ll of rabbit polyclonal antibody (#80-0611; yellow solution) were added into the appropriate wells. Afterwards, the plate was incubated at room temperature for 2 h on a shaker (220 rpm). Then, wells were emptied, washed 39 with 400 ll wash buffer (1:20 dilution of wash buffer concentrate, #80-1286), and after the final wash, the plate was tapped on a flint-free paper towel in order to completely remove the wash buffer. 200 ll of the pNpp substrate (#80-0075) solution was pipetted into each well and incubated for 3 h at 37°C in a humidified atmosphere containing 5 % CO 2 . Then, 50 ll of the stop solution (#80-0247) was added into each well and absorbance was measured with a Wallac 1420 Victor 2 multilabel plate reader (PerkinElmer Life and Analytical Sciences).
Statistical analysis
For statistical analyses Excel 2003 software and Prism 5 software package (GraphPad, San Diego, CA, USA) were used. The values were expressed as mean ± SEM, and the Student's t test was applied to compare differences between control samples and treatment groups. Statistical significance level was set to p \ 0.05.
Results
Xanthohumol attenuates the formation of lymphendothelial defects
Placing MCF-7 tumour spheroids on LEC monolayers leads to rapid endothelial cell emigration from the spheroid zone generating endothelial cell-free areas (circular chemorepellent-induced defects; CCIDs) through which tumour cells can pass (Madlener et al. 2010 ). This resembles tumour intra-/extravasation and manifests an early step of metastasis. 100 lM baicalein, an ALOX12/15 inhibitor, attenuated MCF-7 spheroid-induced CCID formation. CCIDs that were induced by MDA-MB231 spheroids were not inhibited (Fig. 1a, b) , because MDA-MB231 cells do not express ALOX12 and ALOX15 (in contrast to MCF-7 cells, which do express ALOX15; Kerjaschki et al. 2011) . Notably, inhibiting NF-jB activation with 10 lM Bay11-7082 attenuated CCID formation underneath MCF-7 and MDA-MB231 spheroids similarly. We showed that baicalein and Bay11-7082 inhibited MCF-7-triggered CCIDs additively (Viola et al. 2012) . Therefore, NF-jB ) and ALOX15 (Kerjaschki et al. 2011) contributed to the formation of MCF-7-triggered CIDDs independently.
Xanthohumol was reported to inhibit NF-jB (Colgate et al. 2007) , and hence, xanthohumol was tested regarding its potential to inhibit CCID formation in LEC monolayers induced by MCF-7 and MDA-MB231 spheroids. Underneath MCF-7 spheroids low micromolar concentrations of xanthohumol (IC50 = *5 lM) attenuated CCID formation (Fig. 1a, c) , whereas the *20-fold concentration of xanthohumol was required to achieve similar attenuation underneath MDA-MB231 spheroids (IC50 = *100 lM; Fig. 1b ). This could have been either due to an efficient exclusion of xanthohumol from MDA-MB231 cells or due to a minor inhibitory effect of xanthohumol on NF-jB.
Xanthohumol inhibits NF-jB activity and selectin E expression
To elucidate to which extent xanthohumol inhibits NF-jB activity, we used a respective reporter gene assay . 5 lM and 10 lM xanthohumol inhibited TNFa-induced and NF-jB-mediated luciferase reporter gene expression (Fig. 2) by only 15-25 % (respectively), yet it attenuated CCIDs by 50-65 % (respectively). 25 lM xanthohumol inhibited luciferase reporter activation by *65 % (in HEK293 cells) and CCID formation by *75 % (in MCF-7 cells). This was in accordance with recent findings (Colgate et al. 2007 ). Our date suggested that xanthohumol inhibits CCID formation through two distinct pathways: one dependent of NF-jB (at high concentrations) and the other independent of NF-jB (at low concentrations). Furthermore, the results indicated that Fig. 1 Inhibition of CCIDs by xanthohumol. a MCF-7 spheroids and b MDA-MB231 spheroids were placed on LEC monolayers and cocultivated either with solvent (DMSO; Co) or with the indicated concentrations of xanthohumol, or 100 lM baicalein, or 10 lM Bay11-7082 for 4 h, and then, the areas of CCIDs were measured using a Zeiss Axiovert microscope and Axiovision software. Error bars indicate SEM, asterisks indicate significance compared to control (p \ 0.05). c MCF-7 spheroids were placed on LEC monolayers and co-cultivated either with solvent (DMSO; Co) or with 10 lM xanthohumol for 4 h and then the areas of CCIDs were photographed. Left panel microscopic power field of a CCID underneath a MCF-7 spheroid of an untreated co-culture and right side of a co-culture treated with 25 lM xanthohumol. Scale bars 700 lm MDA-MB321 cells are more resistant to the treatment with xanthohumol than MCF-7 cells. To further challenge the hypothesis that xanthohumol inhibits NF-jB in different cell lines with distinct efficiency, human umbilical vein endothelial cells (HUVECs) were pretreated with xanthohumol. Then, selectin E (SELE) expression was induced by TNFa, which is indicative for NF-jB activation (Table 1 ). The observed reduction in SELE expression upon treatment of HUVECs with increasing concentrations of xanthohumol was not significant suggesting that xanthohumol exerts its activity cell type-dependent. Nevertheless, there was evidence that the NF-jB pathway was targeted by xanthohumol and that this is of relevance for the CCID-attenuating property of xanthohumol.
The NF-jB inhibitor Bay11-7082 and xanthohumol interfere with intercellular adhesion Molecular adhesion of MCF-7 spheroids to LEC monolayers is a prerequisite of CCID formation (Viola et al. 2012 ). Lack of contact or mere physical contact of the spheroids to LECs by gravity is not sufficient to induce CCIDs. ICAM-1 is a prominent adhesion molecule establishing stable contact among different cell types. ICAM-1 is regulated by NF-jB (Holden et al. 2004; Collins et al. 1995) and expectedly, the NF-jB inhibitor Bay11-7082 inhibited ICAM-1 expression in LECs (Fig. 3a) . In contrast, the expression of CD31, another intercellular adhesion protein, was unchanged upon treatment with Bay11-7082 (Viola et al. 2012) . Also xanthohumol inhibited the expression of ÍCAM-1 and did not interfere with the expression of CD31 (Fig. 3b) , which was consistent with its described property of an NF-jB inhibitor.
The down-regulation of ICAM-1 functionally correlated with a dose-dependent inhibition of adhesion of MCF-7 cells to LEC monolayers upon treatment with increasing concentrations of Bay11-7082 (Fig. 3a) or xanthohumol (Fig. 3b) . It was recently demonstrated that knocking down ICAM-1 expression with specific siRNA reduced the adhesion of MCF-7 cells to LECs and attenuated the formation of CCIDs (Viola et al. 2012) . Therefore, the inhibition of NF-jB by Bay11-7082 and by xanthohumol correlated with the inhibition of ICAM-1 and the adhesion of MCF-7 cells to LECs (Fig. 3c) , which is mandatory for CCID formation.
Xanthohumol decreases CYP1A1 activity but induces 12(S)-HETE production
As concluded above, the inhibition of CCID formation by xanthohumol was not due to the inhibition of NF-jB alone. In MCF-7 cells, the secretion of 12(S)-HETE, a metabolite Fig. 2 Effect of xanthohumol on the NF-jB transactivation activity. 10 9 10 6 HEK293-NFjB-Luc cells were transfected with the cDNA of green fluorescence protein (GFP). After incubation for 6 h, 4 9 10 4 cells per well were seeded in serum-and phenol red-free DMEM in a 96 transparent well plate. On the next day, cells were treated with indicated concentrations xanthohumol (X), 10 lM Bay11-7082 (Bay11) as a specific inhibitor of NF-jB, or solvent (DMSO; untreated). One hour after treatment, cells were stimulated with 2 ng/ml human recombinant TNFa for additional 4 h. Luminescence of the firefly luciferase and fluorescence of the GFP were quantified on a GeniusPro plate reader. The luciferase signal derived from the NF-jB reporter was normalised by the GFP-derived fluorescence to account for differences in cell number or transfection efficiency. Experiments were performed in triplicate. Asterisks indicate significance compared to untreated control (p \ 0.05) and error bars indicate mean ± SEM 1 9 10 4 HUVECs/well were seeded in 96-well plates and grown to confluence. Indicated concentrations of xanthohumol (X) were added 30 min prior to application of 10 ng/ml TNFa for another 4 h. Then, cells were fixed and SELE levels analysed by ELISA. In parallel, extracts were analysed by CalceinAM assay to monitor non-specific extract toxicity Arch Toxicol (2013) 87:1301-1312 of ALOX12/15, regulates CCID formation of LECs (Kerjaschki et al. 2011) . Xanthohumol increased the 12(S)-HETE production (Fig. 4a) , whereas the specific NF-jB inhibitor Bay11-7082 did not. Therefore, ALOX12 was not inhibited by xanthohumol. However, xanthohumol inhibited the activity of CYP1A1, a member of the cytochrome P450 family, as determined by the ethoxyresorufin-O-deethylase (EROD) catalytic assay (Fig. 4b) . At higher concentration (25 lM), xanthohumol inhibited CYP1A1 also in MDA-MB231 cells, yet less efficiently, and this was in accordance with the weak CCID inhibitory effect of xanthohumol in this cell line.
Also proadifen, which is a specific inhibitor of CYPs, attenuated CCID formation of LECs (Kretschy et al. 2013 ). ALOX12/15 and CYPs use arachidonic acid as their main substrate for the synthesis of their metabolites. Therefore, both enzymes are cross-talking, and the inhibition of one enzyme (i.e. CYP) provides more substrate for the respective other enzyme (ALOX12) resulting in increased metabolite levels [12(S)-HETE]. This phenomenon was also observed when CYP was inhibited by proadifen resulting in increased levels of the COX metabolite prostaglandin E2 (Kozak et al. 2000 , COX also uses arachidonic acid as substrate). Consequently, the inhibition of CYP1A1 by xanthohumol or proadifen (Kretschy et al. 2013 ) prevents the consumption of arachidonic acid by CYP, and hence, higher substrate levels are available for ALOX12/15, which in turn produce more 12(S)-HETE as it was observed after treatment with xanthohumol (Fig. 4a) . This implicated that the net effect of xanthohumol regarding the inhibition of CCID formation prevailed over the CCID-promoting induction of 12(S)-HETE synthesis.
Also other arachidonic acid metabolising enzymes, COX1/ 2, become inhibited by xanthohumol (Gerhäuser et al. 2002) . However, this very property of xanthohumol is unlikely to contribute to the inhibition of CCID formation, because this phenomenon is independent of COX1/2 (Kerjaschki et al. 2011; Madlener et al. 2010 ).
Xanthohumol inhibits paxillin and MLC2 in LECs
Since LECs migrate underneath MCF-7 spheroids (Kerjaschki et al. 2011) , the expression of mobility proteins was analysed in activated LECs in response to xanthohumol. LECs were directly treated with 12(S)-HETE (mimicking the effect of a MCF-7 spheroid) to study the interfering effect of xanthohumol on cell motility-related protein expression. Xanthohumol treatment dephosphorylated (inactivated) MLC2 and downregulated the expression of the EMT markers S100A4 and paxillin, and it reversed 12(S)-HETE-modulated suppression of Erk1/2 phosphorylation (Fig. 5) . Therefore, xanthohumol has the potential to affect rapid and directional LEC migration (Deakin and Turner 2008) , which is a prerequisite of CCID formation (Kerjaschki et al. 2011 ).
Discussion
In search of new anti-neoplastic drugs, natural products like xanthohumol are of particular interest, because of their availability, tolerability and multi-target properties that may synergize to achieve the anticipated effects. Although contained in beer, to achieve effective concentrations in the Fig. 3 Analysis of adherence protein expression. LECs were treated with a 10 lM Bay11-7082, b 25 lM xanthohumol for the indicated times. After cells were harvested, the protein lysates were analysed by Western blotting using the indicated antibodies. Solvent-treated LECs were used as negative control and b-actin analysis served as loading control. c Cell adhesion assay. Trypsinised and cytotracker-stained MCF-7 cells were placed on LEC monolayers that were pretreated with c 15 lM Bay11-7082, and 5, 25 and 50 lM xanthohumol. After 40 min, cells were washed and the percentages of MCF-7 cells that adhered to LECs were determined by measuring the fluorescence at 485/530 nm in the mixed cell lysate. Experiments were performed in triplicate. Asterisks indicate significance compared to untreated control (p \ 0.05) and error bars indicate mean ± SEM body (based on the in vitro data), the intake of xanthohumol-enriched beverages (3.5 mg/l) would exceed the respective body weight. Pure and encapsulated xanthohumol, however, could be sufficient to reach relevant concentrations. Though, studies on acute toxicity have to be performed first. The root of Sophora flavescens Ait. (traditional name: kushen), which contains isoxanthohumol and xanthohumol, is used in traditional Chinese medicine to treat viral hepatitis and cancer. In vivo, utilising Lewis lung cancer mouse model (C57BL/6 mice), sarcoma and hepatocellular carcinoma models kushen flavonoid preparations showed anti-cancer effects, and the maximum tolerated oral or intravenous doses were beyond 2.8 g/kg and 750 mg/kg, respectively (Sun et al. 2008; Sun et al. 2012) . Also xanthohumol possesses antineoplastic activities in several cancer lines (Miranda et al. 1999; Pan et al. 2005) . Xanthohumol was shown to repress both NF-jB and Akt pathways in endothelial cells and interfered with the angiogenic process, including inhibition of growth and of endothelial cell migration (Albini et al. 2006) . This is in agreement with our data because the 12(S)-HETE-induced expression of paxillin (focal adhesion plaque phosphoprotein) was inhibited by xanthohumol. Paxillin controls rapid directional cell movement (Deakin and Turner 2008) and is associated in vivo and in vitro with enhanced endothelial cell motility and is necessary for cell-ECM contact (Huang et al. 2003; Zaidel-Bar et al. 2003) . ) were seeded in 3.5-cm dishes and grown to 70 % confluence and treated with 10 lM arachidonic acid together with the indicated compounds (baicalein, Bay11-7082, xanthohumol), DMSO was used as control (Co) for 4 h. Then, 12(S)-HETE was determined by EIA. Experiments were performed in triplicate, error bars indicate mean ± SEM and asterisks indicate significance (p \ 0.05). b Inhibition of CYP1A1 activity in breast cancer cells by xanthohumol and proadifen. MCF-7 and MDA-MB231 cells were kept under steroidfree conditions and treated with proadifen (5 lM; P), or xanthohumol (5, 25 lM; X), or solvent (DMSO; Co). Then, 5 lM ethoxyresorufin was added, and after 200 min, the formation of resorufin was analysed, which is specific for CYP1A1 activity. Experiments were done in triplicate, error bars indicate mean ± SEM and asterisks indicate significance (p \ 0.05). No toxic effects were observed within the experimental setting 12(S)-HETE induced also other markers of cell mobility and EMT and therefore, of stemness and metastatic potential such as MLC2, MYPT1 and S100A4. Hence, drugs preventing or reversing EMT possess a property that is urgently needed as a therapeutic principle against metastatic outspread. Xanthohumol prevented the induction of S100A4, MLC2 and paxillin, while Bay11-7082 blocked only that of S100A4. This suggests that xanthohumol exhibits a wide spectrum of activities that may synergise in the inhibition of CCIDs, i.e., by inhibition of EMT markers. Beyond that, xanthohumol has been shown to possess antioxidant (Hartkorn et al. 2009 ) as well as radicalinducing properties (Strathmann et al. 2010) . Radicals, however, are not involved in CCID formation (Madlener et al. 2010; Kerjaschki et al. 2011) .
MCF-7 cells (in contrast to MDA-MB231 breast cancer cells) are oestrogen-receptor (ER) positive (Roomi et al. 2005) and previous studies have shown that xanthohumol blocks oestrogenic effects. The flavonoid binds to the ER and it was postulated that this property may prevent breast cancer (Gerhäuser et al. 2002) . It is, however, unlikely that binding to oestrogen receptor was the reason why xanthohumol inhibited MCF-7-induced CCID formation, because some colon cancer spheroids induce gaps by the same mechanisms as MCF-7 cells (Kerjaschki et al. 2011 ), yet colon cancer cells do not express ER receptors.
Low concentrations of xanthohumol (IC50 *5 lM) reduced MCF-7 spheroid-triggered CCIDs and with increasing concentrations xanthohumol-pretreated spheroids gradually lost the contact to the underlaying LEC monolayer. This was consistent with an NF-kB-inhibitory activity (Viola et al. 2012 ) at higher xanthohumol concentrations (Fig. 6 ) and with the fact that high xanthohumol concentrations were required to inhibit MDA-MB231 spheroid-triggered CCIDs (IC 50 *100 lM) as this breast cancer cell line induces CCIDs through the NF-kB pathway (Bay11-7082 inhibited MDA-MB231-triggered CCID formation with an IC 50 of *10 lM). In contrast, at low xanthohumol concentrations (5 lM), another CCID-forming mechanism was affected that was more active in MCF-7 than in MDA-MB231 cells. We propose that this mechanism involves the activity of CYP1A1 since CYPs may contribute to CCID formation (Kretschy et al. 2013 ). CYP1A1 plays a role in breast cancer metastasis (Jiang et al. 2007) , and therefore, its function in CCID formation needs to be investigated in more detail. At a concentration of 5 lM, xanthohumol inhibited CYP1A1 but did not favour the production of 12(S)-HETE by ALOX12 (which competes for the same substrate). Interestingly, CYP is also involved in the metabolism of isoxanthohumol (Guo et al. 2006) . Furthermore, it needs to be determined through which specific metabolites CYPs of MCF-7 cells signal to LECs thereby triggering LEC migration. Interestingly, the transcription factor aryl hydrocarbon receptor 1 (Ahr-1), which targets CYP1A1 (Nannelli et al. 2009 ) and positively correlates with CYP1 expression in MCF-7 clones (Spink et al. 2012) , was reported to regulate focal adhesion sites and cell migration of, i.e., human mammary epithelial cells (Tomkiewicz et al. 2012; Brooks and Eltom 2011) , a noxus in which also paxillin is involved. Whether this mechanism is also true for endothelial cells needs to be investigated. Another target of Ahr, the transcription factor Nrf-2 (Nannelli et al. 2009 ), which detoxifies ROS by regulating SOD and catalase (Köhle and Bock 2007; Li et al. 2008) , is unlikely to play a role in CCID formation because radicals were shown not to contribute to this process (Madlener et al. 2010 ). The inhibitory mechanisms of xanthohumol on CCID formation. Xanthohumol affects CCID-forming mechanisms in LECs as well as in MCF-7 cells. In particular, xanthohumol inhibits the activity of NF-jB in LECs and hence also the expression of ICAM-1. Since molecular adhesion of MCF-7 cells to LECs is mandatory for CCIDs, the down-regulation of ICAM-1 by xanthohumol interferes with the formation of CCIDs. In addition, xanthohumol inhibits the mobility marker proteins S100A4, MLC2 and paxillin (Pa), which are required for cell movement during CCID formation. In MCF-7 cells, xanthohumol inhibits also NF-jB and likely the counter-receptor of ICAM-1, LFA-1, which facilitates adhesion from the MCF-7-side. Xanthohumol inhibits also CYP1A1 (CYP) and, as a consequence, supplies ALOX12/15 (ALOX) with additional substrate (arachidonic acid; ara. acid) for which CYP and ALOX are competing. This leads to an increase in 12(S)-HETE synthesis (but only at concentrations of more than 5 lM xanthohumol), which positively influences CCID formation. Nevertheless, the net effect of xanthohumol on CCID formation is negative, because the inhibition of NF-jB and mobility proteins prevails. Interestingly, also proadifen, which is a specific inhibitor of CYPs, attenuates CCIDs despite induction of 12(S)-HETE production because it also down-regulates paxillin, MLC2, NF-jB and ICAM-1. The role of CYPs (and the mechanisms of proadifen) regarding the intravasation of tumour cells into the lymphatic vasculature has not been established yet. Hence, detailed future investigations on the function of CYPs (and proadifen) on CCID formation are required
Conclusion
Here, we describe a new property of xanthohumol, which inhibits CCID formation in LEC monolayers underneath tumour spheroids at low micromolar concentrations. Specifically, xanthohumol targeted marker proteins typical for an EMT type of cell plasticity as it inhibited the expression of paxillin and S100A4 and the activity of MLC2, as well as the adhesion of tumour cells to endothelial cells, and the inhibition of CYP1A1 in breast cancer cells. Therefore, we provide evidence of a new anti-metastatic property of xanthohumol that could be exploited for the treatment of breast cancer.
